Speech analysis is a prototypical categorical mechanism that has been examined behaviorally in work going back to Haskins Laboratory studies in the 1950s: such work examined the perception of continua between phonemes and demonstrated sharp discontinuities consistent with categorical perception. In this issue of Neuron, Raizada and Poldrack examine analysis mechanisms for such processing by measurement of the fMRI BOLD response in the boundary region between different phonemes and argue for a specific amplification mechanism for this type of categorical perception.
The study is an event-related design that measures brain responses to pairs of phonemes along a continuum between /ba/ and /da/ by measurement of the fMRI BOLD response. Categorical responses are assessed by comparison of the responses to pairs of sounds at the same point in the continuum and at different points in the continuum and relating these responses to the presence of a change in the perceived phoneme. The work extends an approach to the neural bases for categorical perception using fMRI repetition suppression in visual work (Grill-Spector et al., 1999) . The previous work suggested categorical mechanisms for visual representation based on BOLD responses to exemplars from the same category that decrease with repeated presentation, regardless of other (category-independent) stimulus changes. The technique allows categorical mechanisms to be sought where these might be based on multiple neurons or neuronal ensembles within a given region that are tuned to different categories. Recent neurophysiological work in the visual domain (Sawamura et al., 2006) demonstrates correlates of the phenomenon at the single-unit level.
The current study demonstrates specific mechanisms for categorical processing of phonemes in the left supramarginal gyrus and five other areas. In these areas, the BOLD response increases for different compared to matched sounds from the continuum where the increase was greater when there was a category boundary between the sounds. There was no similar effect in the auditory cortices in the supratemporal plane. A controversial aspect of the study will be the argument for selective amplification of category boundaries in the supramarginal and other areas, meaning an increase in local activity as measured by the BOLD response when different sounds crossing the category boundary are presented. The argument for amplification in this experiment is based on the criterion that amplification of the BOLD response will have occurred if the ratio between the responses to unmatched and matched sounds is greater than two, which is the value of the ratio if 100% suppression occurs between the first and second of the matched sounds. The argument is based on requiring responses that are greater than any that might be explained by suppression, and 100% is an extreme degree of suppression that makes the criterion for amplification conservative. The criterion can be problematic, however, if there are responses to pairs of matched sounds that are below baseline, in which case the ratio can be inflated. In the current study, the strongest suggestion of amplification occurs in left supramarginal gyrus where the mean responses to matched sounds are always non-negative.
Amplification of the BOLD response requires an underlying neural mechanism for the representation of phoneme categories that produces an increase in local neural firing rate when different categories are presented.
Could neural models applied to repetition suppression in visual fMRI and EEG studies account for this? GrillSpector et al. (Grill-Spector et al., 2006) consider different possible models for decreased neural activity in a neural ensemble with repeated presentations of a category based on (1) decreased spike rate in a pool of neurons, (2) sparser representation based on smaller pools of tuned neurons, or (3) alteration in the time course of the neural response. Amplification of the responses to different categories might occur if there were local neural interactions between pools of neurons that represent different categories. Such interaction could also be relevant to the second type of model for repetition suppression based on sparser representations of categories with repeated exposure. Designs such as that of Raizada and Poldrack, based on single stimulus pairs, might be optimal for the demonstration of acutely increased local activity due to local interaction during the analysis of category boundaries, as opposed to the demonstration of repetition suppression where greater repetition shows more effect. Alternatively, amplification could be based on top-down mechanisms whereby distinct areas that assess categories produce increased activity in the local area when category boundaries are analyzed. The authors carry out an examination of functional connectivity between areas but do not use systems identification techniques (Noppeney et al., 2006) to demonstrate causal influences of the activity in the different areas on each other.
The work points toward substrates for phoneme analysis: a particular form of auditory categorical processing. Do the results have more general implications for auditory analysis? Behavioral studies indicate that categorical boundaries between speech and nonspeech exemplars can have similar properties to those between speech exemplars (Remez, 1979) . There are strong links between the analysis of auditory objects in general and categorical processing: categorical distinctions between auditory objects and categorical distinctions between auditory objects and the rest of the auditory ''scene'' (Bregman, 1990) are fundamental aspects of auditory cognition. A recent discussion meeting (Novartis Foundation, London, October 2007) considered whether auditory objects are necessarily language tokens. The consensus (but not unanimous) view was ''no, ' ' although what exactly we should call an object was far from clear. What did emerge, however, were the ideas that auditory perception, attention, working memory, and semantic analysis may be based on different types of object. Evoked potential work (Alain et al., 2002; Winkler et al., 2006) suggests the existence of early language-independent auditory categorical mechanisms in auditory cortex, distinct from the supramarginal gyrus involvement shown in the current study of speech. Taken together, the current study and these previous studies suggest different possible bases for the categorical analysis of sounds depending on whether the sounds correspond to language categories.
The study extends the use of more subtle fMRI paradigms for the exploration of categorical processing into the realm of auditory processing. Together with fMRI system identification approaches, these paradigms will allow further insights into auditory categorical analysis within brain regions and networks. While specific criteria for judging the presence of amplification are likely to be discussed further, the examination of boundaries in auditory perceptual continua promises to provide useful insights.
